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We construct an effective chiral Lagrangian for hadrons implemented by the conformal invariance 
and discuss the properties of nuclear matter at high density. The model is formulated based on two 
alternative assignment, "naive" and mirror, of chirality to the nucleons. It is shown that taking the 
dilaton limit, in which the mended symmetry of Weinberg is manifest, the vector-meson Yukawa 
coupling becomes suppressed and the symmetry energy becomes softer as one approaches the chiral 
phase transition. This leads to softer equations of state (EoS) and could accommodate the EoS 
without any exotica consistent with the recent measurement of a 1.97 ± 0.04 Mq neutron star. 

PACS numbers: 21.30.Fe, 12.39.Fe, 21.65.Mn 



Oh. 
I , 

CD 



> 
oo 



o 



X 



1. INTRODUCTION AND RESULTS 

The state of cold dense matter in the vicinity of phase 
transition from baryonic matter to quark matter pre- 
sumed to be present in the interior of compact stars is 
not understood at all. This is because there is no realis- 
tic model-independent tool to probe that regime. In this 
paper, inspired by Weinberg's notion of "mended symme- 
try" uIj 01 1 would like to explore the possibility that in 
baryonic matter at some high density, there emerge in the 
chiral limit a multiplet of massless particles consisting of 
Goldstone bosons as well as other massless particles to fill 
out a full representation of the chiral symmetry group of 
QCD. This issue is relevant not only for the phase struc- 
ture of dense baryonic matter but also for understanding 
certain astrophysical properties of compact stars that are 
being observed. This has a potentially intriguing impli- 
cation on the recently observed 1.97 ± 0.04 neutron 
star Q as will be explained in the concluding section. 

Before entering into the details of our reasoning, we 
should underline our basic assumption. We will assume 
that as one approaches the chiral restoration point in 
density, local fields continue to be relevant degrees of 
freedom. There are at present neither strong theoretical 
arguments nor experimental indications for the validity of 
such an assumption. Should it turn out that the notion of 
local fields makes no sense at high density in the vicinity 
of the chiral phase transition, then what we present in 
what follows would have no value. If however the notion 
made sense, then the proposed scenario would have an 
important implication on what happens to the repulsive 
core, a long-standing mystery in nuclear physics and a 
crucial ingredient for the physics of compact stars. We 
will find that as one approaches the critical density, the 
repulsion should be strongly suppressed, a result which 
has not been previously uncovered. 

In the broken symmetry sector, the symmetry of 
such multplets is not "visible." Involving massless vec- 
tor fields, what is at issue would then be (hidden) gauge 
symmetry manifesting explicitly at a possibly second or- 



der phase transition. In fact the hidden local symme- 
try (HLS) theory of Harada and Yamawaki Q with the 
vector manifestation (VM) fixed point with the vector 
mesons joining the pions in the same multiplet is pre- 
cisely of this class. One should note that the symmetry 
involved here is a flavor symmetry, which is of course not 
a fundamental symmetry contained in QCD. It should 
more appropriately be viewed as an "emergent symme- 
try" - analogously to the CP^""'^ model -, and as such 
can be extended, starting from 4D low-energy theorems, 
to an infinite tower of gauge fields leading to a decon- 
struction of the fifth dimension in 5D Yang-Mills the- 
ory 0.'^^ Whether or not and how the massless mult- 
plets can manifest themselves at a phase transition such 
as chiral restoration are totally unknown and coirstitute 
the main line of research in nuclear/hadron as well as 
astro-hadron physics. 

The question we would like to raise here is: How to ex- 
ploit the properties of hidden local symmetry in unravel- 
ing dense baryonic matter?"*^^ For this purpose, we first 
note that there are two indispensable degrees of freedom 
that are missing in HLS Lagrangian, i.e., baryons and 
scalars. The HLS Lagrangian contains, apart from the 
pions, vector mesons but no scalars. In nuclear physics, 
as we know from Walecka model Q that works fairly well 
for phenomena near nuclear matter density, together with 
the vector mesons (p, w), a scalar meson is indispensable, 
e.g., for binding. Now the scalar that figures in Walecka 
model cannot be the scalar of the linear sigma model, for 
if it were that scalar, nuclear matter would be unstable. 
In fact it has to be a chiral scalar. On the other hand, 
at high density, the relevant Lagrangian that has cor- 



We note that such a Lagrangian arises also top-down from string 
theory 

The same question was raised for high temperature, particularly, 
in connection with dilepton productions in heavy-ion collisions 
inQ. 
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rect symmetry is the linear sigma model, and the scalar 
that is needed there is the fourth component of the chiral 
four- vector (tti, 7r2, tts, it). Thus in order to probe highly 
dense matter, we have to figure out how the chiral scalar 
at low density transmutes to the fourth component of the 
four-vector. We should stress that this is a part of the 
long-standing scalar puzzle in low-energy hadron physics, 
which remains still highly controversial. 

In this work, in the same spirit as what entered in 
the formulation of BR scaling '9'| , a chiral scalar will be 
introduced as a dilaton associated with broken conformal 
symmetry and responsible for the trace anomaly of QCD. 
Following [lol ]. we write the trace anomaly - which is 
proportional (in the chiral limit) to the gluon condensate 
{G^uG^") - in terms of "soft" dilaton Xs and "hard" 
dilaton Xh- As suggested in we will associate the 
soft dilaton with that component locked to the quark 
condensate {qq). We assume that this is the component 
which "melts" across the chiral phase transition, with the 
hard component remaining non- vanishing . 

As for baryons, the best way would be that they are 
generated as solitons in HLS theory. As stressed since 
a long time [l^l, baryons generated as skyrmions in the 
presence of vector mesons could most efiiciently capture 
the strong-coupling physics needed for nuclear interac- 
tions both at nuclear matter density and at higher den- 
sities. Indeed this point is given a support by a recent 
calculation of finite nuclei in terms of BPS skyrmions 
obtained from an infinite-tower HLS Lagrangian where 
the higher tower is integrated out [14]. It works much 
better than the standard skyrmion model without vector 
mesons in capturing the dynamics of few-body nuclear 
systems. It may be viewed as an additional support for 
the power of the HLS strategy advocated in [ij]. Un- 
fortunately a controlled systematic treatment of many- 
nucleon systems is mathematically involved and has not 
been worked out except for certain topologically robust 
properties that will be mentioned below. We will 
therefore put nucleon fields by hand by coupling them in 
hidden gauge invariant way to the mesons tt, p, w and to 
the scalar dilaton. 

In introducing baryonic degrees of freedom, there are 
two alternative ways of assigning chirality to the nucle- 
ons. One is the "naive" assignment and the other 
the mirror assignment. The "naive" assignment is an- 
chored on the standard chiral symmetry structure where 
the entire constituent quark or nucleon mass (in the chi- 
ral limit) is generated by spontaneous symmetry break- 
ing. The nonlinear sigma model (and its gauge-equivalent 
HLS model) is the typical example of this type. The 
merit of this model is that it is consistent with the con- 



The "melting" of the soft component is observed in dynamical 
lattice calculation in temperature 12] but is an assumption in 
density. 

We put this terminology in a quotation mark since it is a mis- 
nomer, used merely to distinguish it from the alternative option. 



stituent quark model which enjoys the successful mass 
relation ms/mp ~ 3/2 where niB is the average of the 
nucleon and A masses. The constituent quark model is 
supported by large Nc considerations not only at low- 
energy scale but also at intermediate-energy scale [l^. 
Whether it is a viable model at shorter-scale as in high 
density is of course not known. 

The alternative, mirror assignment [13, [SIj allows a 
chiral invariant mass term common to the parity-doublets 
that can remain non-zero at chiral restoration, which 
means that a part of the nucleon mass, say, toq, must 
arise from a mechanism that is not associated with spon- 
taneous chiral symmetry breaking. The origin of such a 
mass Too is not known, but a priori, there is no reason 
why it cannot be present. At present, analysis of vari- 
ous observables both in the vacuum such as pion-nucleon 
scattering etc. and in medium such as nuclear matter 
properties etc. based on linear and nonlinear sigma mod- 
els with mirror symmetry (IQt , i2Qi] cannot rule out an toq 
of a few hundred MeV. If TOq is non- negligible, then the 
direct relation of masses between baryons and mesons 
enjoyed by the constituent quark model will no longer 
be obvious even if it still holds. Nonetheless there is a 
motivation for considering this scenario. 

There is an unexpected indication from simulations of 
skyrmion matter on crystal lattice to introduce density 
that the meson and baryon masses behave differently in 
increasing density: the baryon mass appears to drop at a 
slower rate than the meson mass as density is increased 
and may not vanish at the chiral restoration point. This 
is an outcome of the model albeit at large not put 
in ab initio. Such a different in-medium behavior be- 
tween mesons and baryons is found to have an important 
consequence on the nuclear tensor forces and hence on 
the EoS of baryonic matter at densities exceeding the 
nuclear matter density [2l| . Given that the EoS involves 
shorter-length scale than that probed by vacuum and nu- 
clear phenomenology, the mirror scenario combined with 
HLS may prove to be relevant for EoS at high density. 

The objective of this paper is to explore the conse- 
quences of a dilaton-implemented HLS (dHLS for short) 
Lagrangian containing baryons both in the "naive" and 
the mirror assignments at normal as well as high densi- 
ties. The strategy we will use to drive the system from 
nuclear matter density to near chiral restoration den- 
sity is the "dilaton limit" proposed by Beane and van 
Kolck 122]. Phenomenology of vacuum processes with 
this Lagrangian will be discussed elsewhere 23 1. 

As a brief summary of the results, we note that the 
dHLS model at nuclear matter density in mean field in 
the "naive" assignment scheme is equivalent to Walecka's 
mean-field model, with the scalar figuring as a chiral 
scalar. We expect that the same should hold in the mirror 
assignment if the model applied at normal nuclear mat- 
ter density. As the dilaton limit is taken, a linear sigma 
model in both assignments emerges from the highly non- 
linear dHLS structure with the p and w mesons decou- 
pling from the nucleons. This transmutation is highly 
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nonlinear involving singularities. A striking prediction of 
this procedure is that the vector-meson-nucleon vector 
coupling goes to zero at the dilaton limit. This simply 
means that as the dilaton limit is approached as density 
increases, two hitherto unexpected phenomena could oc- 
cur. Firstly the well-known w-nucleon interaction known 
to be repulsive at low density should get strongly sup- 
pressed at high density. Secondly the nuclear symmetry 
energy denoted in the literature as Egym that encodes 
the energy cost in the excess of neutrons in compact-star 
systems should also get weaker. An immediate conse- 
quence would be that the EoS of dense matter, particu- 
larly of compact-star matter, will be softened at higher 
density. This result is a distinctive feature of the HLS 
structure of the model that is not present in the absence 
of HLS vector mesons. An intriguing question is what 
effect this "quenching" of the repulsive core will have on 
the recently observed 1.97 Mq neutron star. This ques- 
tion is highly pertinent to the recent description of the 
1.97 Mq neutron star in terms of a three-layered struc- 
ture of the compact star consisting of nuclear matter, 
kaon condensed nuclear matter and strange-quark mat- 
ter [23 |. The suppression of repulsion or effectively an 
attraction at high density will clearly have an important 
impact on stabilizing 2-solar-mass stars. This issue will 
be addressed elsewhere. 



2. THE HLS MODEL WITH DILATONS 

Following the two-component concept for dilatons pro- 
posed in [l3] , the dilaton potential written in terms of soft 
Xs and hard Xh components 



V{x) = Vsixs) + Vhixh), 



(2.1) 



will be assumed to have a negligible mixing between soft 
and hard sectors in order to avoid an undesirably strong 
coupling of the glueball to pions. The expectation value 
of Xs is assumed to vanish when chiral symmetry is re- 
stored whereas the one of Xh remains finite, repre- 
senting the "explicit breaking" of conformal invariance, 
i.e., the scale anomaly in QCD. It was shown in [llj 
with an HLS Lagrangian that the soft dilaton plays an 
important role in the emergence of a half-skyrmion phase 
at high de nsity where a skyrmion turns into two half 
skyrmions [l5|. In the subsequent sections we construct 
an effective theory for the soft dilaton"^^, pions and vec- 
tor mesons to go from non-linear basis (HLS) to a linear 
basis, which enables us to deal readily with the scalar 
degree of freedom near the chiral symmetry restoration. 



The 2-flavored HLS Lagrangian'^^ is based on a 
Ggiobai X iJiocai Symmetry, where Ggiobai = [SU{2)l x 
S'L/(2)i^]giobai is the chiral symmetry and ffiocai = 
[S'C/(2)y]iocai is the HLS. The whole symmetry Ggiobai x 
H\ocai is spontaneously broken to a diagonal SU{2)v- 
The basic quantities are the HLS gauge boson, V^, and 
two matrix valued variables ^l, £.r, which are combined 
in a 2 X 2 special- unitary matrix U = ^j^Ci?- These vari- 
ables are parameterized as 



_ ^i<j(x)/F^ 



(2.2) 



where tt = TrTa denotes the pseudoscalar Nambu- 
Goldstone (NG) bosons associated with the spontaneous 
symmetry breaking of Ggiobai chiral symmetry, and tr = 
CT^Ta denotes the NG bosons associated with the sponta- 
neous breaking of -ffiocai "^"^ ■ The a is absorbed into the 
HLS gauge boson through the Higgs mechanism and the 
gauge boson acquires its mass. and F^- are the decay 
constants of the associated particles. 

The fundamental objects are the Maurer-Cartan 1- 
forms defined by 



1 

2i 
1 



D^U ■ (}r ~ D^'iL ■ 



(2.3) 



^11 — ^ 

II 2i 

where the covariant derivatives of ^l,r. are given by 

D^^R = d^^H - iV^^R + i^R^^ , (2.4) 

with and TZ^ being the external gauge fields intro- 
duced by gauging Ggiobai- The Lagrangian with lowest 
derivatives is given by (25j 



Cm = F^tr [a^^a^] + F^tv 

(2.5) 

where g is the HLS gauge coupling and the field strengths 
are defined by V^i, = d^Vi, — d^V^ — i [V^, V^] ■ One finds 
the vector meson mass as 

mv = gF„. (2.6) 

The nucleon part with HLS is given by [1^ 

Cn = N{ilp ~ mM)N + gAN<^^j5N + , (2.7) 

with the covariant derivative Z)^ — d^^ — iV^ and dinien- 
sionless parameters gA and gy- 

Conformal invariance can be embedded in chiral La- 
grangians by introducing a scalar field x via x = 



Unless otherwise stated, we will denote the soft dilaton simply 
by X while the hard component which plays no role in taking 
the dilaton limit but figures as the source for mo in the mirror 
assignment will be kept as Xh- 



In this paper, we consider Nf = 2, with the Nf = 3 case taken 
up later when kaon dynamics is addressed. 
This (T has nothing to do with the scalar meson in the linear 
sigma model, but it is the longitudinal part of the vector meson. 



4 



and K = {F^/F^f The HLS Lagrangian with a 

dilaton potential describing the scale anomaly [2^ is ex- 
tended to be 



£ — Cn + Cm + C^ , 



(2.8) 



Cn = NipN - ^niNNNx + OaN^xIsN + gvN^\\N , 

(2.9) 



Cm = tr [dj_^a^] + anx^ tr 



-2^tr[y,.T/- 

(2.10) 



'^x^-^d.x-d^X^^ 



1 4 A. ( >^X^ 



(2.11) 



where a = {F^/Fj^ Y ^-nd m^^^ is the mass of the dilaton. 



3. LINEARIZATION OF THE MODEL 

Near chiral symmetry restoration the quarkonium 
component of the dilaton field becomes a scalar mode 
which forms with pions an 0(4) quartet [2^ . This can 
be formulated by making a transformation of a non-linear 
chiral Lagrangian to a linear basis exploiting the dilaton 
limit. One can think of going to the dilaton limit as going 
toward the chiral restoration point. It should however be 
stressed that how the process takes place in going to that 
limit cannot be addressed. We will simply take the ef- 
fective Lagrangian that results in the dilaton limit as the 
Lagrangian relevant in the vicinity of chiral restoration. 
In this section we derive a linearized Lagrangian assum- 



ing two different chirality assignments to the positive and 
negative nucleons. Models with the "naive" assignment 
describe the nucleon mass which is entirely generated by 
spontaneous chiral symmetry breaking, whereas the mir- 
ror assignment allows an explicit mass term consistently 
with chiral invariance [13, llSl ■ 



3.1. The "naive" model 
Following [l^l we introduce new fields as 



-75 



N, 



(3.1) 
(3.2) 



with the Pauli matrices r in the isospin space. The lin- 
earized Lagrangian includes terms which generate singu- 
larities, negative powers of tr [EE^] , in chiral symmetric 
phase. Those terms carry the following factor: 



X 



N 



9V - 9A: 



1 



(3.3) 



Assuming that nature disallows any singularities in the 
case considered, we require that they be absent in the 



Lagrangian, i.e. X 



N 



9A — 9v- A particular value, qy_ 
large Nc algebraic sum rules (2^ 
dilaton limit as 

K = 9A= 9v 



X^ = 0. We find K = 1 and 
= (^A = 1, recovers the 
, Thus, we adopt the 



1. 



(3.4) 



J 



In this limit one finds 



C = Ni^U - [E + St + 75 (E - Et)] U -f ^tr [d^H ■ 9'^Et] 

+ ^tr [(Ea„Et + Sta„E) V"] + |tr [EE'] tr [v^v] - ^tr [V^^V 



+ ^(.,-[EE.])'- 



32F2 



(3.5) 



where the unitary gauge tr = is taken and the dilaton mass is replaced with the mass of the effective scalar 
mode nis. ^ 



A noteworthy feature of the dilaton-limit Lagrangian 
(|3.5[) is that the vector mesons decouple from the nucle- 
ons while their coupling to the Goldstone bosons remains. 
As announced in Introduction, this has two striking new 
predictions. Taking the dilaton limit drives the Yukawa 
interaction to vanish as gyj^ = {g{l — gv))^ ~^ for 
V = p^uj for any finite value of g. In HLS for the me- 
son sector, the model has the vector manifestation (VM) 
fixed point as one approaches chiral restoration, so the 



HLS coupling g also tends to zero proportional to the 
quark condensate. It thus follows that combined with 
the VM, the coupling gyN will tend to vanish rapidly 
near the phase transition point. In nuclear forces, what 
is effective is the ratio ffyjv/'Tiy which goes as (1 — gy)^. 
This means that (1) the two-body repulsion which holds 
two nucleons apart at short distance will be suppressed 
in dense medium and (2) the symmetry energy going as 
Ssym g'j^pf will also get suppressed. As a principal con- 
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force involving a contact two-body force will also get sup- 
pressed as ~ gljM- Thus only the longest-range two-pion 
exchange three-body forces will remain operative at large 
density in compact stars. How this intricate mechanism 
affects the EoS at high density is a challenge issue to 
resolve. 



FIG. 1: Three-body interaction with the omega-meson ex- 
change. When the intermediate state in the middle nucleon 
leg is higher-lying than the nucleon, it can become an irre- 
ducible 3-body force in the sense defined in chiral perturba- 
tion theory in a form of contact interaction when the w fields 
are integrated out. 



sequence, the EoS at some high density approaching the 
dilaton limit will become softer even without such exotic 
happenings as kaon condensation or strange quark mat- 
ter. 

It has been argued that the short-range point-like 
three-neutron force essentially constrains the maximum 
mass of the neutron star (27j . In the "naive" assignment, 
we can have such a three-body force from the w-exchange 
graph given in Fig. [TJ It was suggested in [28*1 that the 
same three-body force is predominantly responsible for 
the suppressed Gamow- Teller matrix element accounting 
for the long life-time of ^^C. Since the same suppression 
can be explained very well by Brown-Rho scaling in the 
nuclear tensor forces without three-body forces |29| , there 
may be considerable overlap between the various mech- 
anisms evoked for the process. Similar overlap may 
be at work for the EoS of the neutron stars and it may 
be dangerous to draw conclusions based on one partic- 
ular model or scheme. In the present scheme with the 
dilaton encoding the scaling property, both three-body 
forces and scaling properties can be - and should be - 
consistently taken into account. 

In the present scheme, the shortest-range component 
of the three-body forces is given by the graph of Fig. [T] 
The intermediate states entering in the middle nucleon 
line should be higher-lying than nucleon and hence could 
be integrated out. The resulting effective NNujuj vertex 
is expected to be smooth-varying in density, remaining 
finite in the dilaton limit. Therefore the three-body po- 
tential of Fig. [1] will carry the factor g^j^ that vanishes 
in the dilaton limit. The one-pion exchange three-body 



In contrast to where the contact interaction is seen to play a 
key role in the GT suppression, a calculation using ab initio no- 
core shell model (NCSM) [30^ finds that the requisite suppression 
is primarily driven by the long-range two-pion exchange three- 
body force and not by the contact interaction. The variety of 
different mechanisms that are seemingly successful are clearly not 
independent of each other in nuclear structure physics, pointing 
to the subtlety in which chiral symmetry can be manifested in 
nuclear medium [3ll. 



3.2. The mirror model 

The Lagrangian of mirror nucleons in the non-linear 
realization without vector mesons was considered in . 
Its HLS-extended form is found to be 

Cn =BipB + gABp3^^-/5B + gvH\\B 

- giF^BB + g2F^Bp3B - imoBp^i^B , (3.6) 

where B = {Bi,B2)^ denotes the nucleon doublet in the 
chiral eigenstate, the pi are the Pauli matrices in the 
parity pair space, and the mass parameters gi_2 and mo- 
Implementing the dilaton field, one obtains 



Cn =BipB + gABp3^^-f5B + gvB^\\B 



gi^/UxBB + g2^/KxBp3B - ima——Bp2j5B , 



(3.7) 



where we require that the (broken) scale symmetry is 
possessed by the hard dilaton in the last term since the 
nucleon mass becomes toq at chiral symmetry restora- 
tion and can be traced back to the non-vanishing gluon 
condensate in symmetric phase. In this way we are at- 
tributing the origin of mg to the hard component of the 
gluon condensate, which is chiral invariant. Of course the 
origin of mg could be something else but at this moment, 
we have no idea as to what that could be. 

We linearize the Lagrangian in terms of S = \Jx\f^ 
and the new nucleon fields introduced by 



^^1,2 = \ 



B\,2 



(3.8) 



As in the "naive" model, singularities are present in the 
terms carrying the same factor: 



X 



N 



9V - 9A: 



1 



(3.9) 



The dilaton limit is therefore unchanged by the mirror 
baryons and, adapting to the sum rules in large Nc, one 
arrives at 

K = 1 , = .g^ = 1 . (3.10) 
This leads to the linearized baryonic Lagrangian as 
91 



(3.11) 
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with mo = (x/t/^Xh)"^o- The mass term is diagonalized 
by the mass eigenstates of the parity doubled nucleons, 
M+ and M- via 



1 



J/2 ^5e-5/2\ U 



M , (3.12) 



V2^5 Woe-'/' -eV2 ; 



with sinh(5 = gis/rriQ. The Lagrangian in this basis is 
thus given by 



+ g2U{p3.~s + G-i5iT-^)U, (3.13) 



where s and tt are fluctuations around their expectation 
values, the matrix G is defined by 



G = 



tanh 6 75/ cosh 5 
-75 / cosh 6 tanh 5 



and the mass matrix M = diag(TO-|_, m_) with 



(3.14) 



(3.15) 



Note that the new axial-coupling of the nucleon, 

cjA — tanh (5 , (3.16) 

is obtained and the corresponding Goldberger-Treiman 
relation is satisfied: gTrN+N+ — gAm+/ (s). 

The softening of EoS at large density in the mirror 
model is quite similar to the case of the "naive" model. 
The suppression of the vector coupling is of the same 
form: 



gvN = (1 - gv) 



0. 



(3.17) 



That the quenching of the short-range repulsion is in- 
dependent of the chirality assignment of the nucleon is 
indicative of a universality of the short-distance inter- 
action. Now the consequence on this coupling will be 
sensitive to how chiral symmetry is restored in the given 
scenario. In the "naive" HLS theory, the chiral symme- 
try is restored as the VM characterized by the fixed point 
of renormalization group equations, gr — >• and a 1, 
which leads to the massless vector meson as the chiral 
partner of the pion and remains so in the presence 
of constituent quarks (or fermions in the "naive" assign- 
ment). It is not obvious in the mirror model that in the 
region where the linearized model describes the melting 
chiral condensate, (s) 0, the dropping HLS gauge cou- 
pling remains the fixed point. Nevertheless, one would 
expect in the mirror case as well a reduced g before reach- 
ing the dilaton limit as a tendency of the VM. Therefore, 
the gvN could also be thought to be weakened toward 
the restoration point, leading to a softer EoS of dense 
matter in an analogous way. 

It seems natural to expect that the source for non- 
zero Too is in the hard dilaton condensate so far ignored 



in dealing with the part of the nucleon mass dynami- 
cally generated. How large is toq at the chiral symmetry 
restoration? Here we make a rough estimate from ther- 
modynamic considerations. 

Assuming a second-order chiral phase transition, i.e. 
(s) ^0, thermodynamics around the critical point is de- 
scribed by the following potential under the mean-field 
approximation: 



n^8 



(2^ 



T [In (1 - no) + In (1 - n^)] 



V{xh 



(2^ 



rin(l + n,,) 



(3.18) 



where V is the potential for the hard dilaton given by 



4 'Ux. 



In 



Xh 



Xh 



1 



(3.19) 



and the statistical distribution functions are 

1 

no 
no 
nh 



1 

^(Eq+ii)IT I ' 
1 



^Eh/T _ I 



(3.20) 



The energy E ~ ^/jp^+rn? of the corresponding parti- 
cles is given for the parity doubled nucleons with m± = 
Too = mo{xh/F^h)i ^-^^d for the hard dilaton with its 
mass introduced by 



d'V I Xh 



Xh 



1 

Xh 



3 In 



Xh 



Xh 



(3.21) 

In what follows, we restrict our analysis to a hot system 
at zero chemical potential where gluodynamics is well 
guided by lattice QCD. One obtains the gap equation for 
a nontrivial Xh from the stationary condition, = 0, 



as 



16 



(27r)3 Eo 
(27r)3 



?io + Bh 



3 In 



Xh 
Fxh 
Xh 

^Xh 



In 



Xh 



Xh 



10 



n,, = 0. (3.22) 



The gluon condensate calculated on a lattice in the pres- 
ence of dynamical quarks is known to be [l2j 

{G,,Gnn,^^{G,.GnT=o, (3.23) 

at pseudo-critical temperature Teh ^170 MeV. We thus 
adopt the bag constant and mass for the hard dilaton as 



BhiT^i,) = ^B{T = 0) 



1 



(3.24) 
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using the bag constant B and the glueball mass ma 
in vacuum. With the empirical numbers for those pa- 
rameters, {Gjj^G'"')t=o = 0.0012 GeV B = 
(0.4 GeV)'' "3^ and mc = 1.7 GeV [H, Eqs. (I^^m 
and p.22p determine uiq for a given F^^ . In QCD trace 
anomaly exists at higher temperature and thus the ex- 
pectation value of Xh is supposed to be fairly close to F^^ . 
To make a rough estimate, we take {xh) = 0.99 F^^ . This 
gives Too = 210 MeV as a solution favored thermodynam- 
ically. This is in agreement with the estimate made in 
vacuum phenomenology p3l |. The nucleon in the mirror 
model stays massive at chiral symmetry restoration, so a 
different EoS from that in the "naive" model would be 
expected. This issue and more realistic estimate of toq 
will be reported in a subsequent publication. 



4. MIXING BETWEEN QUARKONIUM AND 
TETRAQUARKS 

In taking the dilaton limit, we went from a low-density 
state with the dilaton, a chiral singlet, to a high-density 
state with the a, the fourth component of the chiral four 
vector. The former is appropriate for low-energy nuclear 
physics resembling Walecka mean field model and the 
latter is for chiral phase restoration. How this change- 
over takes place is not explained. How can this happen 
in the language of QCD? 

In general, in the scalar sector of low-mass hadrons, we 
expect to have scalar quarkonium, tetraquark states and 
glueballs. They will naturally be all mixed. It is reason- 
able to assume that the mixing between soft and hard 
gluon sectors is negligible as is done in the dilaton po- 
tential. The soft dilaton Xs is invariant under the Ua{^) 
transformation, while the 2-quark and 4-quark states are 
not. The entire dilaton, Xs + Xh, is chiral-singlet. Since 
we are assuming no mixing between the soft and hard 
dilatons, what we should consider is the mixing among 
the 2-quark, 4-quark states and Xs = X- Once we make a 
linearization with E — Ux^/k, the scalar mode appearing 
in the Lagraingian is a mixture of the quarkomium and 
soft dilaton, and we cannot make a separation of them. 
For simplicity, we will simply ignore this subtlety, and 
consider the mixing between the quarkonium s and the 
tetraquark fields ^p, thus restricting to a two- level system. 

The relevant mesonic potential is |36i] 



1 



16F: 



1 - 21n 



F2 



(4.1) 



with h being the mixing strength of s and ip fields. Shift- 
ing the fields around their expectation values, sq and ipo, 
the potential reads 



1 



- 2 2 



2 / 2 



(4.2) 




. 075 



08 0.085 0.09" 



[GeVl 



FIG. 2: A sketch of the behavior of ms (solid) and mn 
(dotted) as functions of the chiral condensate sq. For an il- 
lustrative purpose, the parameters are set to be ft = 1 GeV, 
ms = 1.2 GeV, = 0.6 GeV, = 93 MeV. 



where ellipses stand for the terms including the higher 
fields than cubic, and 



m„ — TO, 



,2 ^0 

p2 



l + 31n(|L 



The quadratic term thus becomes 



(4.3) 



(4.4) 



The mass eigenstates are introduced with a rotation ma- 
trix as 



with the angle 



tan (26*) 



cos f sm f 
- sin 9 cos ( 



Ahsn 



s 

^1 ' 



(4.5) 



(4.6) 



The masses of scalar mesons are give by 



rriH 



ml cos^ 9 

2 2 , 
= TO^ cos I 



, sin^ 9 - 2hso sm{29) , 



-2-2 

TO,„ sm ( 



2/iso sin(26i) . (4.7) 



Fig. m shows a schematic structure of the masses ver- 
sus the chiral condensate. One observes a level crossing 
between the two scalar states when 9 = 7r/4. The two- 
quark component of ms gets more dominant for smaller 
So and eventually the S state becomes massless at chiral 
symmetry restoration whereas mn is dominated by the 
four-quark state and stays massive. 

We should point out several caveats in the reasoning 
given above. 

This consideration can be only qualitative since due to 
the specific form of the dilaton potential, the models gives 
a first order transition. In fact, TO5(so) is non-monotonic 
and becomes unphysical below sq = 68.9 MeV within 
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the above setup. What we must have is a second-order 
with scalars at finite T and/or /i. Therefore, the current 
dilaton potential needs to be modified in the presence of 
matter where a temperature and a chemical potential are 
additional scales responsible for the trace anomaly, other 
than Aqcd- 

The mixing strength h may be determined in matter- 
free space with the known spectroscopy for the scalars. 
This requires us to extend the model to three fiavors, 
which is beyond the scope of the paper and will be re- 
ported elsewhere. 



5. ROLE OF AXIAL- VECTOR MESONS 

Up to this point we have ignored the axial-vector 
mesons that figure in the mended symmetry. As long 
as their masses are greater than the masses of other 
mesons, the axial- vector mesons can be integrated out. 
However the mended symmetry of Weinberg implies that 
all mesons within the given multiplet become degenerate, 
and massless when the chiral symmetry is restored. At 
that point one must deal with the axial-vector mesons 
on the same footing with the others. In this section, we 
give a brief discussion of how the axial vector mesons can 
be incorporated into the HLS framework. Incorporating 
baryons, both in the "naive" assignment and in the mir- 
ror assignment, is straightforward and hence will not be 
explicited. 

Axial-vector mesons are introduced by generalizing 
H\oced to Giocai (GHLS) SO that the entire symmetry of 
the theory becomes Ggiobai x Giocai [H, [13] . The Maurer- 
Cartan 1-forms are defined by 



D^^LM ■ , a'i, = D^^^M ■ 4/(2*) ,(5.1) 



where U = S.I^S.mS.b. and the covariant derivatives of 
^L,RAi are given by 



Df_i£,R — dfj,^R — iRfj,^R , 



(5.2) 



with the GHLS gauge bosons, and i?^, identified with 
the vector and axial- vector mesons asV^ — {R^ + L^)/2 
and yip = (i?^ — ip)/2. Imposing the Weinberg sum 
rules the Lagrangian of the meson sector is given 

by m 



Cm = aF' 



(ti [a^f_,a'^] +tr a||p(i|[ ) + cF^ ti [Am ^.a^i] 



(5.3) 



This corresponds to the theory space locahty [s^, i.e. the mixing 
of left and right chirahty is generated only through gauge bosons. 



with a dimension-1 parameter F, two dimensionless ones 
a and c and cij|' ^ = (^m^^^ ± d^) /2 . No new ingre- 
dients are introduced in coupling to nucleons, so we will 
focus on mesons only. 

Fields for three types of Nambu-Goldstone (NG) 
bosons, <f)c,(j)±_ and (j)p, are introduced as 



S.L,R = e 



(5.4) 



Solving the it- A mixing the pion field (p^^ is found to be 
the combination 

't'lT ^ <t)^ + 4>p , (5.5) 
while two remaining would-be NG bosons, (pa and 
1 



„ci - — ' — {c4p - a(/)_L) 
a + c 



(5.6) 



representing the longitudinal vector and axial- vector de- 
grees of freedom, are absorbed into the p and ai. The 
pion decay constant is given by 



Fi 



a + c 



(5.7) 



Following the same procedure carried out in Section |31 
the non-linear GHLS Lagrangian with introducing a soft 
dilaton is transformed to its linearized form. Taking the 
unitary gauge one obtains 

CM+C^-^,n = itr [a^E • 9''I]t] 

' + tr [SSt] tr [A,A^] + ^^^tr [ESt] tr [V,V^] 



2ac 
a{a + c) 
2ic 

^tr [V,.Vn - ^tr [A,.A^^ 



tr [(E9pl]t + Eta^s) V^] 



(5.8) 



The vector meson masses in the mean field approximation 
read 



m„ 



a{a + c) 2 



2. I \ z 2. 



{a + 



g'isy. (5.9) 



When chiral symmetry restoration takes place, the p and 
oi mesons become massless as the chiral condensate is 
melting, (s) 0. 



6. CONCLUSIONS 

The basic premise in our line of thinking was that local 
field degrees of freedom make sense - and hence the no- 
tion of mended symmetry is applicable - up to the point 
where the density- driven chiral phase transition takes 
place. This would preclude strongly first-order transi- 
tions or the total breakdown of description in terms of 
quasiparticles ~ such as "hadron melting" - in the vicin- 
ity of the transition. If it were so, our discussion would 
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be of no meaning. At present, there are no indications 
that enable us to make a firm statement on that. 

Taking the dilaton Umit a la Beane and van Kolck on a 
dilaton-implemented hidden local symmetry Lagrangian 
that we identify with going to near chiral restoration den- 
sity, we uncover a number of surprising results in both 
"naive" and mirror models due to that vector mesons de- 
couple from baryons. One important prediction is that 
the repulsion at short distance in nuclear interactions 
should get suppressed at a density in the vicinity of the 
dilaton limit. Another hitherto unsuspected result is that 
the symmetry energy which plays a crucial role in the 
structure of compact stars also should get suppressed. 
Put together, they will soften the EoS of compact-star 
matter at some high density. An interesting possibility 
is that our mechanism could accommodate an exotica- 
free nucleon-only EoS (such as AP4 in Fig. 3 of [43| ) 
with a requisite softening at higher density that could be 
compatible with the 1.97±0.04Mo neutron star data 3. 

Now what is known about the mysterious repulsive 
core? 

It is well-established in matter-free space that there is 
a strong repulsion between two nucleons. In fact, it is 
confirmed in lattice gauge calculations [40|. And there 
are evidences from NN scattering. However the mecha- 
nism of the two-body repulsion is mysterious and remains 
unexplained. It could be a Pauli-exclusion principle ef- 
fect at the quark level or topological effect in terms of 
the baryon-number-2 soliton etc. In effective field the- 
ory, it can be explained in terms of an uj exchange. In 
fact a similar structure is seen in holographic QCD mod- 
els where an infinite tower of vector mesons figure [4l| . 
There is no lattice information for three-body forces but 
model considerations predict similar repulsion for them 
as well. 

When it comes to nuclear matter and denser matter, 
the situation is totally unclear. What one has learned 
from nuclear structure studies is that the "hard core" is 
not a physical observable in medium, that is, it is not visi- 
ble. It is shoved under what is known as "short-range cor- 
relation." In fact, nuclear structure approaches anchored 
on effective field theory and renormalization group show 
that the "hard-core" repulsion present in two-nucleon 
potentials plays no role in low-energy physical observ- 
ables m. 

What we find in our model is a surprisingly simple 



mechanism for taming the hard core in many-body sys- 
tems. Within the field theory framework we are working 
with, the short-distance repulsion is suppressed in the 
background or "vacuum" defined by density. We cannot 
say whether and how this mechanism can be related to 
the "short-range correlation" of nuclear physics, but it 
offers a possible way to understand it from the mended 
symmetry point of view. 

Our main observation on the suppressed repulsive in- 
teraction is a common feature in the two different as- 
signments, "naive" and mirror, of chirality. The nucleon 
mass near chiral symmetry restoration exhibits a strik- 
ing difference in the two scenarios, and the EoS in the 
mirror model is supposed to be stifFer than that in the 
"naive" model. How the dilaton-limit suppression of the 
repulsion - which seems to be universal independent of 
the assignments but may manifest itself differently in the 
two cases - will affect the EoS for compact stars is an 
interesting question to investigate. 

Finally some comments on the nature of the dialton 
at low and high densities. We have assumed that taking 
the dilaton limit effectuates a level crossing between two 
(or three) levels in such a way that at low density the 
relevant scalar degree of freedom is a low-mass (~ 600 
MeV) chiral singlet effective for binding in nuclei and 
at high density it is the cr, the 4-th component of the 
chiral four vector for Nf = 2, effective in "mending" 
the relevant symmetry. How this can happen has been 
studied in certain simple models (36j but it is highly likely 
that the physics involved in such change-over is a lot 
more intricate. This is evidenced by the indication that a 
level crossing of a similar nature occurs in scalar channel 
if one varies the number of colors (iVc) [13] ■ A proper 
understanding will require correlating these and possibly 
other mechanisms involved in the change-over. 



Acknowledgments 

We acknowledge partial support by the WCU project 
of the Korean Ministry of Educational Science and Tech- 
nology (R33-2008-000-10087-0). The work of C.S. has 
been partly supported by the Hessian LOEWE initiative 
through the Helmholtz International Center for FAIR 
(HIC for FAIR). 



[1] S. Weinberg, Phys. Rev. Lett. 65, 1177 (1990). 

[2] S. Weinberg, "Unbreaking symmetries," In ^Trieste 

1993, Proceedings, Salamfestschrift* 3-11 
[3] P. Demorest, T. Pennucci, S. Ransom, M. Roberts and 

J. Hessels, Nature 467, 1081 (2010). 
[4] M. Harada and K. Yamawaki, Phys. Rept. 381, 1 (2003). 
[5] D. T. Son and M. A. Stephanov, Phys. Rev. D 69, 065020 

(2004). 

[6] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 



843; Prog. Theor. Phys. 114 (2005) 1083. 
[7] G. E. Brown, M. Harada, J. W. Holt, M. Rho and 

C. Sasaki, Prog. Theor. Phys. 121, 1209 (2009). 
[8] B. D. Serot and J. D. Walecka, Int. J. Mod. Phys. E 6, 

515 (1997). 

[9] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 
(1991). 

[10] V. A. Miransky and V. P. Gusynin, Prog. Theor. Phys. 
81, 426 (1989). 



10 



[11] H. K. Lee and M. Rho, Nucl. Phys. A 829, 76 (2009). [28 

[12] D. E. Miller, Phys. Rept. 443, 55 (2007). 

[13] See, e.g., M. Rho, Chiral Nuclear Dynamics II (World [29 
Scientific, Singapore, 2009) 

[14] P. Sutcliffe, "Skyrmions in a truncated BPS theory," [30 
arXiv:1101.2402 [hep-th]. 

[15] B. Y. Park, D. P. Min, M. Rho and V. Vento, Nucl. Phys. 

A 707, 381 (2002); H. J. Lee, B. Y. Park, D. P. Min, [31 
M. Rho and V . Vento, Nucl. Phys. A 723, 427 (2003); 
M. Rho, larXiv: 0711.3895 [nucl-th]. 

[16] S. Weinberg, Phys. Rev. Lett. 105, 261601 (2010). [32 

[17] C. E. Detar and T. Kunihiro, Phys. Rev. D 39, 2805 

(1989). [33 

[18] D. Jido, Y. Nemoto, M. Oka and A. Hosaka, Nucl. Phys. [34 
A 671, 471 (2000), D. Jido, T. Hatsuda and T. Kunihiro, 
Phys. Rev. Lett. 84, 3252 (2000), D. Jido, M. Oka and [35 
A. Hosaka, Prog. Theor. Phys. 106, 873 (2001). 

[19] T. Hatsuda and M. Prakash, Phys. Lett. B 224, 11 [36 
(1989); S. Gallas, F. Giacosa and D. H. Rischke, Phys. 
Rev. D 82, 014004 (2010); D. Zschiesche, L. Tolos, [37 
J. Schaffner-Bielich and R. D. Pisarski, Phys. Rev. C 
75, 055202 (2007); V. Dexheimer, S. Schramm and 
D. Zschiesche, Phys. Rev. C 77, 025803 (2008); V. Dex- [38 
heimer, G. Pagliara, L. Tolos, J. Schaffner-Bielich and 
S. Schramm, Eur. Phys. J. A 38, 105 (2008); C. Sasaki [39 
and I. Mishustin, Phys. Rev. C 82, 035204 (2010). 

[20] Y. Nemoto, D. Jido, M. Oka and A. Hosaka, Phys. Rev. [40 
D 57, 4124 (1998). 

[21] H. K. Lee, B. Y. Park and M. Rho, Phys.Rev. C 83, [41 
025206 (2011). arXiv:1005.0W [nucl-th]. 

[22] S. R. Beane and U. van Kolck, Phys. Lett. B 328, 137 
(1994). 

[23] W.-G. Paeng, H.K. Lee, M. Rho and C. Sasaki, to appear. [42 
[24] K. Kim, H. K. Lee and M. Rho, "Dense stellar matter 

with strange quark matter driven by kaon condensation," 

arXiv: 1102.5167 [astro-ph.HE] . 
[25] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and [43 

T. Yanagida, Phys. Rev. Lett. 54, 1215 (1985), 

M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164, [44 

217 (1988). 

[26] J. Schechter, Phys. Rev. D 21, 3393 (1980). 

[27] S. Gandolfi, J. Carlson and S. Reddy, larXiv: 1101. 19211 
[nucl-th] . 



J. W. Holt, N. Kaiser and W. Weise, Phys. Rev. C 79, 
054331 (2009). 

J. W. Holt, G. E. Brown, T. T. S. Kuo, J. D. Holt and 
R. Machleidt, Phys. Rev. Lett. 100, 062501 (2008). 
P. Maris, J. P. Vary, P. Navratil, W. E. Ormand, H. Nam 
and D. J. Dean, "Origin of the anomalous long lifetime 
of 14C," arXiv:1101.5124 [nucl-th]. 

M. Rho, "Subtle is the manifestation of chiral symme- 
try in nuclei and dense nuclear matter," a rXiv; 101 1.0135. 
[nucl-th] . 

M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. 
Phys. B 147, 385 (1979), Nucl. Phys. B 147, 448 (1979). 
S. Narison, Nucl. Phys. Proc. Suppl. 54A, 238 (1997). 
J. Sexton, A. Vaccarino and D. Weingarten, Phys. Rev. 
Lett. 75, 4563 (1995). 

A. H. Fariborz, R. Jora and J. Schechter, Phys. Rev. D 
76, 014011 (2007). 

A. Heinz, S. Struber, F. Giacosa and D. H. Rischke, Phys. 
Rev. D 79, 037502 (2009). 

M. Bando, T. Kugo and K. Yamawaki, Nucl. Phys. B 
259, 493 (1985), M. Bando, T. Fujiwara and K. Ya- 
mawaki, Prog. Theor. Phys. 79, 1140 (1988). 
N. Arkani-Hamed, A. G. Cohen and H. Georgi, JHEP 
0207, 020 (2002). 

M. Harada and C. Sasaki, Phys. Rev. D 73, 036001 
(2006). 

T. Hatsuda, "Lattice nuclear force," I arXiv: 1101. 14631 
[nucl-th] . 

K. Hashimoto, T. Sakai and S. Sugimoto, Prog. Theor. 
Phys. 122, 427 (2009); Y. Kim, S. Lee and P. Yi, Nucl. 
Phys. A 844, 224C (2010); K. Y. Kim and I. Zahed, 
JHEP 0903, 131 (2009). 

H. Dong, T. T. S. Kuo and R. Machleidt, "Low- 
momentum interactions with Brown-Rho-Ericson scal- 
ings and the density dependence of the nuclear symmetry 
energy," arXiv:1101.1910 [nucl-th]. 

F. Ozel, G. Baym and T. Guver, Phys. Rev. D 82, 101301 
(2010). 

F. J. Llanes-Estrada, J. R. Pelaez and J. R. de Elvira, 
"Fock space expansion of sigma meson in leading- 
A^e," Nu cl. Phys. Proc. Suppl. 207-208, 169 (2010) 
[arXiv:1101. 2539 [hep-ph]]. 



